S1. Catalyst synthesis and activation
In the context of this manuscript, In 3+ (Fig. S1 . 1, left) . By electrostatic interaction with charge-compensating anions and water, these 2-D layers self-assemble into a stacked configuration of alternating cationic hydroxide sheets and anionic interlayers. [1] Upon calcination, this structure collapses, yielding MgO-type mixed metal oxides (MMOs), which contain both M 2+ and M 3+ cations (Fig. S1.1, middle) .
The Mg(In)(Al)O x support material is produced by the coprecipitation method described by Sun et al. [2, 3] . First, an aqueous solution (250 mL) of Mg(NO 3 ) 2 .6H 2 O (29 g, Sigma-Aldrich, 98−102%), Al(NO 3 ) 3 ·9H 2 O (4.2 g, Sigma-Aldrich, 98.5%), and In(NO 3 ) 3 ·xH 2 O (0.07 g, SigmaAldrich, 99.99%) is mixed with an aqueous solution (250 mL) of Na 2 CO 3 (0.6 g, EMD Chemicals Inc., 99.5%) and NaOH (6 g, Fisher Scientific, 98.3%). After 24 h of aging at room temperature, the precipitated support material is filtered, washed with deionized water until pH = 7, and dried at 110 °C. The resulting material is then calcined in air for 3 h at 650 °C, leading to a Mg(In)(Al)O x mixed oxide. Second, the Pt precursor is deposited on the Mg(In)(Al)O x support by incipient wet impregnation. For this purpose, a toluene (1.5 mL, Sigma-Aldrich, 99.9%) solution of Pt(acetylacetonate) 2 precursor (0.021 g, Sigma-Aldrich, 99.99%) is added to the powder support. Subsequently, toluene is evaporated by sample heating to 110 °C. To activate the catalyst, a temperature-programmed reduction treatment to 650 °C under 5% H 2 /He (50 NmL/min) flow is performed. Once the temperature is reached, the sample is kept at 650°C for another 30 minutes of H 2 /He reduction.
The resulting MMOs are used as support for the deposition of Pt(acac) 2 precursors from a toluene solution. After high-temperature reduction, MMO-supported Pt 13 In 9 NPs (Fig. S1 .1, right) are formed which display high-performance as alkane dehydrogenation nanocatalysts. By using this LDH approach, In promotors are selectively extracted from the MMO support only in the local environment of Pt, allowing to control the Pt-In alloy composition. [4] Inductively coupled plasma atomic emission spectrometry (ICP-AES) ICP-AES (Ultima, Jobin Yvon Emission Horiba Group) is used to determine the bulk composition of the Pt/Mg(In)(Al)O x samples. 50 mg of the sample is dissolved by adding 2 mL aqua regia (1:3 = HNO 3 /HCl) and 0.5 mL of HF. After 3 hours at room temperature, 0.5 g H 3 BO 3 is added and mixed with doubly distilled water until the total volume amounts to 125 mL. The sample contained ∼3.5 wt % Pt, 37.1 wt % Mg, 6.4 wt % Al, 5.6 wt % In. 
S2. ALD-derived stoichiometric alloys
The precise characterization of nanoalloys is often difficult to establish due to their intrinsic degree of disorder and/or nanosized dimensions, not allowing for X-ray diffraction (XRD) fingerprinting and its concomitant alloy phase retrieval. In addition, as shown in the current manuscript, the nanocomposite can undergo changes depending on the gas environment and temperature applied, making ex-situ techniques not suitable for the determination of the alloy composition under realistic conditions.
To overcome this characterization gap, stoichiometric Pt-In alloys are fabricated as phase pure compounds using an ALD-based method recently developed within our groups. [5] By deposition of a bilayer composite of Pt/In 2 O 3 , and subsequent H 2 reduction of this film up to 700 • C, sizeand composition-tailored bimetallic Pt-In nanoalloys can be produced in their phase pure form. For this work, Pt, Pt 3 In and Pt 13 In 9 stoichiometric alloys were ALD-deposited, and their XAS spectra measured as references to benchmark the Pt-In concentrations in the investigated PtIn nanocatalysts.
In Fig. S2 .1, XANES spectra of the ALD-derived alloys are displayed together with their respective XRD patterns. These XANES spectra are used as references to determine the exact Pt-In concentrations in the nanocatalyst during the aging treatment. 
S3. Synchrotron experiments
Pt L 3 -edge and In K-edge Quick XAS data were collected at the SuperXAS beamline of the Swiss Light Source (2.4 GeV, 400 mA, PSI, Villigen, Switzerland). [6] The polychromatic beam resulting from the 2.9 Tesla bending magnet was first collimated by a Rh-coated (for Pt) or a Pt-coated collimating mirror (for In), after which the beam was monochromatized by a Si(311) channel cut monochromator. Focusing to a spot size of 200 x 200 µm 2 was achieved by a toroidal mirror using the same coatings as the collimating mirror. Experiments were performed in transmission mode using 20 cm long ionization chambers filled with 2 bars of N 2 for experiments at the Pt L 3 edge or 2 bars of Ar for experiments at the In edge. The sample was placed between the first two ionization chambers while a reference foil for absolute energy calibration was placed between the second and a thirs ionization chamber. For the in-situ experiments, 2 mm quartz capillaries are connected to gas lines by Swagelok® fittings and subsequently mounted above the gas blower. A home-made gas rig system is connected to control the flow through the quartz capillary. The experiments are performed with 1 Hz time resolution, 50 mL/min flow rates using 5% H 2 /He and 20% O 2 /He gasses.
S4. XANES data processing
The raw data consist of multiple alternating forward and backward XAS scans recorded as a function of the monochromator angle. The in-house Matlab code of the SuperXAS beamline is used to cut these data into single spectra and convert them to eV energy scale, followed by averaging of the forward and backward scans into one scan with 1 Hz time resolution.
In-house codes are developed to obtain the XANES white line maximum and energy position through batch processing. Subsequently, the pre-edge is subtracted and the post-edge determined to normalize the X-ray absorption spectrum. Finally, the XANES white line maximum is retrieved, which allows to obtain the white line height as well as the white line energy position at the white line maximum. Notably, scatter in the WL energy is observed, e.g. in Fig. 2 .c, which is caused by two combined factors: (1) a spectral resolution of 0.3 eV at the WL region and (2) the high signal noise level owing to high time resolution and temperatures. Since the WL energy shift due to alloying is an order of magnitude larger (i.e. ~ 3 eV) compared to scatter observed (i.e. ~ 0.3), a proper interpretation of the data is possible. The WL heights and energy positions are thus used for the kinetic analysis discussed in the main manuscript.
In order to minimize the propagation of numerical errors, the energy position of the WL maximum is used rather than the edge energy, calculated via the first derivative. More precisely, numerically calculating the first derivative of the XANES signal involves two subtractions ([x i+1 -x i ]/[y i+1 -y i ]) of numbers with similar size. Such subtractions can lead to a large propagation of the error, and therefore lead to high numerical uncertainty of the edge position determined via the first derivative. In contrast, determining the maximum of the XANES spectrum does not require any numerical manipulation, which minimizes the propagation of errors. For intrinsically noisy data collected during QXAS with second time resolution, selecting the energy at the WL maximum is expected to be a safer choice.
To ensure that no PtO x evaporation occurs during high-temperature redox cycling, the Pt L 3 -edge XANES edge step before and after the 60 H 2 -O 2 cycles are compared. In transmission mode, the edge step at the Pt L 3 -edge is proportional to the amount of Pt in the sample. Fig.  S4 .1 shows that the edge step before (0.50) and after (0.51) the redox process remains constant within experimental error, implying that no Pt evaporation takes place. Besides XANES, the XAS signal also contains structural information in the EXAFS region. However, due to the high temperature measurement (causing the flattening of the EXAFS oscillations) and the high time resolution (causing noisy signal), quantitative modelling of the EXAFS signal is not reliable. In such cases, WT XAS can be invoked to extract qualitative structural information on the nature and location of neighbours around Pt in-situ (S5). In tandem with the XANES analysis, WT XAS forms a complementary tandem of techniques which can be applied with high time resolution under harsh, high temperature conditions. To provide the reader with an example of the EXAFS data quality, the EXAFS k-and R-space signals corresponding to wavelet transformed plots in Fig. 2a Table S4 .1. It should be clearly noted that due to the low data quality of the EXAFS signals, reliable EXAFS modelling is not achievable. Therefore, the fitting parameters provided in Table S4 .1 only provide a qualitative feeling on structural parameters around Pt. The results in Table S4 .1 corroborate the findings presented in WT XAS plots in Fig. 2 .a, namely (1) mainly Pt-In bond in the start of the H 2 pulse, (2) Pt-Pt and Pt-In at the end of the H 2 pulse, and (3) Pt-Pt as well as Pt-O bonds in the middle of the O 2 pulse. However, more in depth studies are required to fully elucidate EXAFS analysis. 
Pt-O + Pt-Pt 0.5 ± 0.8 6.6 ± 3.5 1.851 ± 0.011 2.686 ± 0.011
Pt-Pt + Pt-In 1.5 ± 1. 
S5. Wavelet-transformed Quick extended X-ray absorption fine structure
After pre-processing of the X-ray absorption signal, the EXAFS signal is extracted and represented in k-space in units of Å -1 . In order to acquire structural information on the investigated material, typically a Fourier transformation is applied to obtain real space information from reciprocal EXAFS space. Such Fourier transformed EXAFS signal contains information on the interatomic absorber-scatterer distance, the disorder of the absorber's neighbors as well as their abundance. More challenging to extract is the specific nature of the absorber's neighbor, especially when multiple atom types are present at similar radial distances from the X-ray absorbing element. For example, in the current case of Pt-In alloys, both Pt and In atoms surround the Pt absorber at similar interatomic distances, i.e. R Pt-In = 2.68 Å and R Pt-Pt = 2.78 Å.
The information on the element nature is contained in the k-space EXAFS signal, namely in the k-region where the photo-electron is backscattered by the X-ray absorber's neighbors. However, the magnitude of the Fourier transformed EXAFS signal is independent of the kspace location where the EXAFS contribution originates from. For this reason, obtaining an EXAFS signal which contains simultaneous k-and R-space resolution allows to give insight not only in the structural information on the absorber's neighbors location, abundance and disorder, but also on their elemental nature. Such simultaneous k-and R-space information can be obtained by performing wavelet-transformed XAS analysis rather than uni-dimensional Fourier analysis. [4, 7, 8] Wavelets are square-integrable functions, in contrast to sine functions used for Fourier transformation, with overall zero integral. They can be considered as wave packets with a specified position in k-space, generating one extra degree of freedom for transformation from the reciprocal space. [9] [10] [11] [12] [13] By convolution of the so-called wave packet over k-space, a 3-D wavelet transformed magnitude plot can be obtained with R-and k-space ordinates. Such 3-D plot, typically represented as contour plots as in the main manuscript, allows to determine from which k-space region each R-space contribution originates. If the k-space backscattering region of the involved atoms is known or calculated -for example by FEFF code -an atom type can be linked to each R-space peak.
In this study, Cauchy wavelets are used to perform wavelet transformation of the k-space QEXAFS signal. A Cauchy order of 50 is selected to obtain the optimal balance between Rand k-space resolution. In the low k-range, In exhibits a high photo-electron backscattering amplitude around k = 4 Å -1 , while Pt backscatters in a higher k-region from 8-10 Å -1 -at this Cauchy order. In contrast, O neighbors backscatter in a broad peak around 5 Å -1 in k-space but they occur at much shorted interatomic bond lengths of 1.9-2.0 Å in R-space. For more information, see references. [4, 7] Table S5 .1 lists the R-and k-region information for the three Pt-neighbor bonds. 
S6. Kinetic modelling 1. White line correlations
Prior to kinetic modelling, relationships are constructed between (1) the Pt-In alloy composition and WL maximum energy, and (2) the Pt oxidation state and the WL height. These correlations allow quantification of the raw data in terms of % Pt in Pt-In nanoalloys (WL energy) and % Pt oxidation (WL height), as reported in Fig. 3 of the main manuscript.
Pt-In alloy composition. The stoichiometric alloys derived by ALD (see section S2 for more details) are used to correlate the % of Pt in Pt-In alloys with the energy position at the WL maximum (see Fig. S6.1 ). The energy at the WL maximum monotonically increases with decreasing Pt concentration in the Pt-In alloy with a quasi-linear trend. For enhancing accuracy, a second degree polynomial is used for interpolation, which is used to project the WL maximum energy to a certain Pt concentration in the Pt-In alloy during kinetic modelling (vide infra). Degree of Pt oxidation. H. Yoshida et al. [14] have previously established a linear relationship between the average Pt oxidation state and the WL height. As can be seen in Fig 1. c, both phase pure Pt (+IV) O 2 and Pt 0 references were measured, which allowed to construct such linear relationship. The degree of Pt oxidation in Fig 3. e-f is defined as % Pt oxidation = (WL height -1.24)/(2.10 -1.24). Herein, 1.24 and 2.10 represent the normalized X-ray absorption WL height of Pt and PtO 2 , respectively. Possible pitfalls. It should be noted that, evidently, the proposed relationships are approximations which allow to quantify the desired Pt properties in a physically acceptable manner.
One potential challenge is the influence of Pt oxidation -besides Pt-In alloying -on the Pt L 3 -edge WL energy position. As represented in Fig. 1 in the main manuscript, the major impact of Pt oxidation on the Pt L 3 -edge XANES WL position is an increase in the WL height. In addition, there is also a minor blue shift in the WL energy associated with an increase in the Pt oxidation state. However, during redox cycling of the Pt-In nanocatalyst considered in this work, the degree of Pt surface oxidation is limited, as exemplified by the WL height -WL Pt Pt 3 In Pt 13 In 9 energy plot in Fig. 2 .c, implying that an oxidation-induced blue shift in the WL energy position does not play a considerable role. In O 2 atmosphere, the rate of Pt-In segregation is an order of magnitude faster compared to Pt surface oxidation (see Fig. 3.a) , so that the main oxidationinduced blue shift in the WL energy occurs in a later stage compared to the WL energy red shift caused by Pt-In dealloying. For this reason, the Pt-In dealloying kinetics is modelled in the initial stages of the O 2 pulse, in which the effect of Pt surface oxidation are minor. In H 2 atmosphere, PtO x reduction and Pt-In alloying are processes in series, implying that the Pt oxidation state is reduced to 0 prior to Pt-In alloy formation. For this reason, the mentioned effect is not likely to have an influence on the estimates derived from kinetic modelling of the WL energy during Pt-In alloy formation. [15] Zero-order reaction. Under certain reaction conditions, the reaction rate is apparently independent of the reactant concentrations, hence often termed pseudo-zero-order reaction. The physical cause of the apparent independence of the reaction species is generally caused by a large discrepancy in availability of two or more reactant components. More specifically, typically a zero-order reaction can manifest if the concentration of one or more reactants is very low compared to other reacting species, owing to for example diffusion limitations in which the low concentrated reaction component is permanently replenished from a larger pool.
Rate laws and coefficients
The rate of a zero-order reaction can be described as follows:
Where [A] is the reactant concentration, k is the rate coefficient, and t is the reaction time. At constant temperature, the rate coefficient k is constant during the reaction. As a consequence, the reactant concentration [A] linearly decreases over time:
First-order reaction. In contrast to the apparent independence of zero-order reactions on concentration, first-order reactions do depend on the concentration of reactant species, as follows:
Integration of the mass balance for A leads to:
Therefore, the reactant concentration will decay exponentially over time. Also, the
decreases exponentially over time, scaled by the rate coefficient and the initial reactant concentration.
Arrhenius equation. According to Arrhenius law, the rate coefficient of a chemical reaction behaves as described by the following equation:
where B is the pre-exponential factor or frequency factor, E a is the activation energy of the reaction, R is the universal gas constant and T is the absolute temperature. As a consequence, when taking the logarithm of the Arrhenius equation, one obtains:
This implies that the activation energy E a as well as the pre-exponential factor B can be extracted when ln k is plotted versus the inversed temperature 1/T. Therefore, first the rate coefficients k should be obtained by kinetic modelling of transient data collected at different temperatures.
Kinetic modelling of XANES WL data
Data averaging prior to kinetic modelling. For each cycle, a XANES WL evolution is obtained as a function of time. Prior to kinetic modelling, the XANES WL-time evolutions collected at a given temperature (i.e. 700, 660, 620, 580, 540 • C) are averaged over all cycles run under that temperature. For example, the average XANES WL height at second j ( | = ) after the start of a cycle at 973 K is averaged over all cycles run at 973 K, namely cycle 1-10:
Analogous expressions can be formulated for temperatures: Pt L 3 -edge WL height in H 2
As can be observed in Fig. S6 .5, the reduction process of PtO x into Pt -accompanied by a WL height decrease -under H 2 atmosphere is a kinetically fast process, which is completed within 1.5 s (see also Fig. 3.f) . Extracting full quantitative kinetic information from QXAS data with 1 second time resolution is thus very challenging. Therefore, a qualitative estimation of the rate constants is derived from the initial instantaneous reduction rates of PtO x to Pt in H 2 rather than from full kinetic modelling of the WL-time data. The initial instantaneous reduction rates are numerically calculated as the first order forward finite difference:
• 100 % For first order reactions (which are assumed here), the rate constant can then be estimated:
It should be noted that the estimates of the kinetic constant that are based on zero time derivatives provide a lower bound of the intrinsic value due to (1) possible signal transduction due to mass transport limitations within this short period of time and (2) the underestimation of the reaction rate due to limited time resolution (not presenting the very initial WL decrease).
When repeating this procedure for each temperature, rate constants can be estimated on a qualitative level for different redox temperatures, which allows to obtain an Arrhenius plot and the concomitant apparent activation energy of the reduction process of PtO x into Pt. It should be noted that the extracted kinetic constants on PtO x reduction are a qualitative indication of the kinetic constants only and that their interpretation should be done with special care. Finally, in contrast to the above processes of oxidation/segregation and alloying, the depicted evolution of % of oxidized Pt over time in Fig. 3 .f represents the experimental data instead of kinetically modelled curves, since no kinetic modelling has been performed for the PtO x reduction. 
S7. Transmission electron microscopy
High-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) imaging and energy-dispersive X-ray spectroscopy (EDX) mapping was carried out on FEI Titan "cubed" electron microscope, operated at 300 kV and equipped with a wide solid angle "super-X" EDX detector. 
S8. Nature of segregated phase in oxygen atmosphere
The X-ray diffraction patterns in Fig. S8.1 Crystallographic phase analysis of the materials was performed using a Siemens Diffractometer Kristalloflex D5000, with Cu Kα radiation (λ = 0.154 nm). The powder patterns were collected in a 2θ range from 33° to 54° with a step of 0.02° and a 30 s counting time at each angle. 
S9. Size-dependence of kinetic behaviour
The initial particle size distribution consists of monodisperse 2 nm particles (being highly homogeneous, Fig. 1 .d-e), while redox cycling induces sintering into larger particles (up to 20 nm, Fig. 1.f-g ). We observe under the current conditions, namely Pt-In nanoparticle sizes from 2-20 nm, 723-923 K, 60 H 2 -O 2 redox cycles, LDH-derived supports, etc., no significant influence of the nanoparticle size on the kinetics of segregation-oxidation and reductionalloying.
This statement is based on the following elements. 2 nm nanoparticles sinter into larger quasistable 20 nm particles mainly during the initial 20 redox cycles at 923 K and 873 K. Therefore, sintering is dominant at the highest redox temperatures and at the initial start of cycling process, as expected. This has been verified by STEM (not included) and can also be derived from the XANES WL height evolution in Fig. 1 .b, which becomes quasi-constant at the end of each O 2 pulse after 20 redox cycles due to limited sintering. Therefore, the state of Pt-In particles at 823 K, 773 K and 723 K is quasi-identical, while at the initial 923 K and 873 K temperatures the nanoparticle sizes are smaller. When considering the Arrhenius plots in O 2 for Pt-In segregation ( Fig. 3 .a, green) and Pt surface oxidation ( Fig. 3 .a, red), a clear linear correlation is obtained for both processes, as expected for Arrhenius type behaviour. This implies that initially smaller nanoparticles (two lowest 1/T values in green and red curves of Fig. 3 .a) behave in a kinetically identical Arrhenius type manner compared to larger 20 nm particles under the current experimental conditions.
Such size-independent kinetic behaviour could be clarified by the nanocomposition of the large particles. 20 nm particles spinodally decompose during alloy segregation, as shown in Fig. 3 .f, as if it were an agglomerated collection of smaller 2 nm particles which are interconnected. Therefore, 20 nm particles are hypothesized to exhibit similar behaviour in their kinetics of segregation-oxidation and reduction-alloying compared to 2 nm particles, which could clarify their kinetically identical Arrhenius type behaviour. However, it should be clearly noted that this topic requires further investigation, and that any alteration of the experimental conditions, such as changing temperature range, second promotor element, could alter the kinetic behaviour considerably.
